The surface properties and adsorption mechanisms of graphene materials are important for potential environmental applications. The adsorption of m-dinitrobenzene, nitrobenzene, and p-nitrotoluene onto graphene oxide (GO), reduced graphene oxide (RGO), and graphene (G) nanosheets was investigated using IR spectroscopy to probe the molecular interactions of graphene materials with nitroaromatic compounds (NACs). The hydrophilic GO displayed the weakest adsorption capability. The adsorption of RGO and G was significantly increased due to the recovery of hydrophobic π-conjugation carbon atoms as active sites. RGO nanosheets, which had more defect sites than did GO or G nanosheets, resulted in the highest adsorption of NACs which was 10−50 times greater than the reported adsorption of carbon nanotubes. Superior adsorption was dominated by various interaction modes including π−π electron donor−acceptor interactions between the π-electron-deficient phenyls of the NACs and the π-electronrich matrix of the graphene nanosheets, and the charge electrostatic and polar interactions between the defect sites of graphene nanosheets and the −NO 2 of the NAC. The charge transfer was initially proved by FTIR that a blue shift of asymmetric −NO 2 stretching was observed with a concomitant red shift of symmetric −NO 2 stretching after m-dinitrobenzene was adsorbed. The multiple interaction mechanisms of the adsorption of NAC molecule onto flat graphene nanosheets favor the adsorption, detection, and transformation of explosives.
■ INTRODUCTION
Graphene is a two-dimensional (2D) monolayer of sp 2 hybridized carbon atoms that are packed in a hexagonal honeycomb lattice, 1 and is the basic building block of fullerene, carbon nanotube (CNT), and graphite materials.
1,2 In addition, graphene has a wide range of potential applications due to its unique structure and outstanding mechanical, optical, and electronic properties.
1−3 Because of their hydrophobicity and large surface area, 3 graphene nanosheets are expected to serve as a good adsorbent for organic compounds. 4 Recent studies have indicated that graphene is a superior adsorption material for nonpolar organic compounds, 5−11 such as polycyclic aromatic hydrocarbons (PAHs) 5−7,11 and chlorinated aromatic hydrocarbons. 8−10 In contrast with CNTs, 12−14 studies regarding the interactions of graphene materials with organic pollutants have only recently begun. 4 The surface properties and adsorption mechanisms of graphene are vital for its environmental application and for designing novel graphenebased materials. 4, 11, 15 In addition, graphene nanosheets generally exhibit nanometer-scale corrugations.
1,5 Furthermore, the associated strain and curvature can markedly influence local reactivity and adsorption.
5, 16−20 The adsorptive sites of graphene surfaces are various and complex, 4,5 and they include flat π networks, wrinkles, defects, and functional groups attached to the surfaces and edges of the graphene nanosheets. 11 The adsorption availability of these sites is regulated by surface properties (such as functional groups) and graphene aggregation 5,7,11 and can be distinctly probed by different sorbates with various sizes and polarities. 5, 7 The high affinity of PAHs for graphene nanosheets is dominated by π−π interactions with the flat surface and the sieving effects of the powerful groove regions that are formed by wrinkles. 5 Similarly, Wang and co-workers 7 suggested that pore filling and flat surface adsorption both contribute to the adsorption of PAHs onto reduced graphene oxide (RGO). Dramatic changes in the conformation and aggregation of the surface of RGO during PAH adsorption alter subsequent adsorption. 5 After graphene is loaded with silica particles, PAH adsorption by graphene nanosheets dramatically increases because the aggregation between the graphene layers via the strong π−π interactions is overcome.
11
In general, graphene nanosheets concomitantly contain polarized electron-rich sites and electron-depleted sites, and surface defects can result in significant delocalization of π electrons.
9, 21 Therefore, the electronic properties and functional groups of adsorbate molecules play important roles in the adsorption mechanisms of graphene. For example, adsorption to graphene improves as the π-electron donor ability of the solute increases, 9 and it is dominated by π−π electron donor− acceptor (EDA) interactions with the graphitic surface of the adsorbent. Similarly, Chen et al. reported that the strong adsorptive interactions of nitroaromatics onto CNTs resulted from π−π EDA interactions between the nitroaromatic molecules (electron acceptors) and graphene nanosheets (electron donors) of CNTs.
12 However, few studies have investigated the molecular-level mechanisms of nitroaromatic compound (NAC) adsorption onto graphene nanosheets. 18, 22, 23 In addition, spectroscopic evidence is required to prove the occurrence of site-specific EDA interactions or charge transfer process.
NACs are used in pesticides, explosives, and as intermediates in the synthesis of dyes and other chemicals 24, 25 and are common organic pollutants. Because of their molecular and electronic structure, aromatic explosives are strongly adsorbed onto graphene surfaces. The main objectives of the present study were to examine the molecular mechanisms controlling the adsorption of NACs onto graphene nanosheets and to obtain spectroscopic evidence regarding this adsorption. The adsorption processes of m-dinitrobenzene, nitrobenzene, and pnitrotoluene onto graphene oxide (GO), reduced graphene oxide (RGO), and graphene (G) nanosheets were compared. Spectroscopic methods were used to observe the specific electron transfer between the NACs and graphene-based materials. In addition, the influences of pH on the adsorption of NACs onto graphene-based materials and on spectroscopic changes were monitored.
■ EXPERIMENTAL SECTION
Preparation of GO, RGO, and G. GO nanosheets were synthesized from natural graphite flakes (325 mesh, 99.8%, Alfa Aesar) using the modified Hummer method. 26 G nanosheets were obtained by thermal reduction of GO nanosheets, 27 and RGO nanosheets were obtained by reducing GO nanosheets with NaBH 4 at 80°C for 2 h. 28 Characterization of GO, RGO, and G. The properties of the GO, RGO, and G nanosheets were measured using elemental (C, H, N) analyses, BET-N 2 specific surface area and Raman spectroscopy. The surface elemental composition and functional groups were observed using X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). The detailed methods used in this study are presented in the Supporting Information (SI).
Adsorption Experiments. m-Dinitrobenzene, nitrobenzene, and p-nitrotoluene were selected as model solutes with different electron-withdrawing groups. Their selected physicochemical properties are listed in Table S-1 of the SI. Adsorption experiments were conducted using a batch approach reported in our previous studies.
5, 29 The adsorption of m-dinitrobenzene (0−400 mg/L), nitrobenzene (0−500 mg/L), and p-nitrotoluene (0−200 mg/L) was carried out by mixing a certain amount of GO, RGO, or G in 8-mL vials that were sealed with Teflon-lined screw caps at 25 ± 1°C. The vials were placed on a shaker and agitated in the dark at 120 rpm for 3 d to reach an apparent equilibrium. The adsorption kinetics (SI Figure S-1) indicated that apparent equilibrium was achieved after 24 h. After separation, the supernatant was immediately analyzed using high-performance liquid chromatography (HPLC). Detailed information is presented in the SI. After adsorption, the graphene material was collected and freeze-dried for 24 h prior to FTIR analysis.
Effects of pH Values on Adsorption of m-DNB onto GO and RGO. The effects of pH on the adsorption of mdinitrobenzene were investigated by adjusting the pH from 2 to 12 using 0.01 mol/L HCl and 0.1 mol/L NaOH. The initial concentration of m-dinitrobenzene was 400 mg/L, and the solid-to-solution ratios were 40 mg/8 mL and 2.5 mg/8mL for GO and RGO, respectively. The equilibrium pH value of the solution was recorded by a pH meter (Mettler Toledo) at room temperature. After adsorption, the GO was collected and freeze-dried for 24 h prior to FTIR analysis.
■ RESULTS AND DISCUSSION
Structural Characterization. The elemental composition and BET surface areas of the GO, RGO, and G nanosheets are listed in SI Table S-2. The C content of the GO nanosheets (49.14%) was low, indicating that the π-system of the graphene material was damaged. The C content reached 61.95% in the RGO nanosheets and 85.07% in the G nanosheets, which suggested that thermal reduction can reduce GO thoroughly and that the surface of RGO has more oxygen-containing functional groups than does G.
The FTIR spectra of GO, RGO, and G are shown in Figure  1a . For GO, a broad peak at 3357 cm −1 was assigned to the −OH stretching vibration. The FTIR spectrum of GO showed sharp CO (1721 cm ). The abundance of O-containing functional groups was significantly higher on GO than on RGO or G, which is consistent with their elemental composition. The FTIR spectra indicated that not only GO but also RGO and G had some Ocontaining functional groups and defect sites on their surfaces.
Raman spectroscopy is the most direct and nondestructive technique for characterizing the structure and quality of carbon materials, particularly for identifying defects and ordered and disordered structures.
5, 31 The Raman spectra of GO, RGO, and G exhibited two significant peaks at approximately 1350 and 1580 cm −1 (Figure 1b) , which corresponded to the D band and G band. The G band, which is related to the E 2g vibration mode of sp 2 carbon domains, can be used to determine the degree of graphitization. In contrast, the D band is associated with structural defects and the partially disordered structures of the sp 2 domains. 5 The I D /I G value of G (0.87) was less than that of the RGO (1.13). This phenomenon indicated that the graphitic degree of the G sample was improved due to the superior reduction and the self-repair of the graphene layer annealing at high temperature in comparison with the RGO obtained by chemical reduction. The I D /I G ratio of RGO was the highest among the graphene materials, which suggested that the newly formed sp 2 domains RGO were smaller but more prevalent than those in G. 31 Thus, more defects/edges were created in RGO.
The distribution of the various C (C1−C4) and O (O1−O3) components in the GO, RGO, and G materials were analyzed using XPS ( Table S -2. The content of the oxygen functionalities sharply decreased after the reduction process, which indicated that most of the epoxide and hydroxyl functional groups on the GO surface were successfully removed and that the aromatic or conjugated systems were recovered. 39 The fitting results indicated that RGO had more quinone-type C(O)O and CO (530.46 eV) on its edges than the synthesized G and more −C−O and −OH (533.2 eV) on its surface. 40 Consequently, the RGO lamellas had relatively low hydrophobicity and could act as spacers that keep the layers from coagulating due to hydrophobicity and improve the dispersibility. 40 The N 2 adsorption−desorption isotherms of graphene materials are depicted in SI Figure S-3. According to the IUPAC classification, the N 2 isotherms for G are of type II, suggesting that G is of nonporous material. Whereas for GO and RGO, the N 2 isotherms are of type I, which is reflective of a microporous structure. The distinct structures of GO, RGO, and G impact their adsorption capabilities and interaction mechanisms toward NACs.
Adsorption Isotherms for NACs on GO, RGO, and G. The adsorption isotherms of m-dinitrobenzene, nitrobenzene, and p-nitrotoluene onto GO, RGO, and G are shown in Figure  3 . The isotherms were fit using the Freundlich and Langmuir models (SI Table S-3) . On the basis of Figure 3 , it is found that the adsorption isotherms of GO, RGO, and G are fitted well by the Freundlich model over the Langmuir model. Interestingly, the deviation of experimental data points from Langmuir model follows the order of GO < G < RGO, which indicates that the heterogeneity of the adsorption sites is greatest for RGO among the tested graphene materials because Langmuir model describes the one-type-sorption set isotherm without any heterogeneity of sorption sites. Furthermore, the Freundlich N value indicates the heterogeneity of the surface of the graphene materials, and a higher N value indicates a homogeneous surface with a narrow adsorption site distribution.
8, 41 Among the graphene materials, the Freundlich N values (0.693−0.843) of GO were the highest, which was attributed to the relatively homogeneous surface of GO due to surface hydration in the aqueous solution. The lowest Freundlich N values (0.253− 0.306) were those of RGO, which displayed strong nonlinear adsorption. This finding indicates that the RGO surface was the most heterogeneous, which is consistent with the structural characterization according to the Raman and XPS spectra. The residual O-containing functional groups result in a more heterogeneous RGO surface with more defects. For G, the Freundlich N values were 0.313−0.422. Similarly, the Freundlich N value approached 0.3 for the adsorption of 2-naphthol, 1-naphthamine, and tylosin onto G 9 and for the adsorption of PAHs onto reduced GO. 7 The Freundlich N values for a given graphene material were similar for mdinitrobenzene, nitrobenzene, and p-nitrotoluene, indicating that the surface properties of the graphene materials dominated the adsorption process.
As shown in Figure 3 , RGO exhibited the strongest adsorption capability for NACs, and GO displayed the lowest adsorption. The saturated adsorption amounts (Q o ) of RGO calculated from Langmuir model are 265.7 mg/g for mdinitrobenzene, 260.9 mg/g for nitrobenzene, and 238.8 mg/g for p-nitrotoluene, which are higher than the Q o values of naphthalene (126 mg/g) and phenanthrene (142 mg/g) onto graphene. 5 Obviously, RGO is a powerful adsorbent for polar organic pollutant control. Although G had the most hydrophobic surface and the largest surface area, it adsorbed significantly less NAC than RGO did. Therefore, in addition to hydrophobic and π−π stacking interactions, other specific mechanisms should be involved in the interactions of graphene materials with NACs. To evaluate the adsorption capability of graphene materials toward different organic pollutants, the hexadecane−water partition coefficient (K HW ) normalized adsorption coefficient (K d /K HW ) of NACs at different equilibrium concentrations (C e ) were calculated to rule out the effects of NAC hydrophobicity. The relationships between K d /K HW and C e for GO, RGO, and G are presented in Figure 4 , and the relationships between K d /K HW and different sorbed concentrations (Q e ) are presented in SI Figure S-4.
The adsorption capability of NACs onto the graphene materials decreased as the sorbate equilibrium concentration increased (Figure 4 ) or as the sorbate sorbed amount increased (SI Figure S-4) . This trend is distinct from the adsorption behavior of PAHs, 5 where an unexpected peak was found in the plot of the adsorption coefficient (K d ) versus the PAH equilibrium concentration. For GO, the K d /K HW ratio approached 10 for nitrobenzene and p-nitrotoluene and increased to 20−100 for m-dinitrobenzene. For G, the K d / K HW ratio reached up to 10 4 at low NAC sorbate concentrations (Figure 4b) , which was greater than the adsorption of PAHs onto G nanosheets.
5 For RGO, the K d / K HW ratio of NACs was dramatically higher, reaching up to 10 5 at low sorbate concentrations (Figure 4c) . The large K d /K HW ratio indicates the strong interaction of a nanomaterial with an organic pollutant. On the basis of Figure 4 , the adsorption capability of the graphene materials increased with the π-acceptor strength of sorbate (p-nitrotoluene < nitrobenzene < m-dinitrobenzene), which corresponded with the electron deficiency potential of the sorbate rather than the hydrophobicity (K HW ). The electron deficiency potential is largest for m-dinitrobenzene due to the presence of two electron density withdrawing groups (−NO 2 ). The electron deficiency potential of p-nitrobolutene is less than that of nitrobenzene due to the presence of the methyl group in p-nitrobolutene. At the same sorbed concentrations, the K d /K HW ratios of NACs onto graphene materials were larger than those of PAHs. 5 These observations suggest that the adsorption mechanism of NACs onto graphene materials is related to the nitro-functional groups in NACs and that the hydrophobic interactions are not important, both of which are consistent with previous studies on adsorption of NACs onto graphite and charcoal. 42 Interestingly, the adsorption capability of NACs onto RGO and G in this study was 10−50 times greater than that reported on CNTs.
12 Next, the mechanisms underlying the superior adsorption of NACs by graphene materials will be elucidated using spectroscopic investigations.
FTIR of m-Dinitrobenzene Adsorbed to Graphene Materials. Overall, FTIR is a useful tool to examine the nature of the dehydrated complexes, which provides a reference for probing the interactions of NACs with graphene surfaces. For m-dinitrobenzene, the peaks at 1522 and 1344 cm −1 correspond to the asymmetric stretching vibrations (v asym ) and symmetric stretching vibrations (v sym ) of the N−O bonds in the −NO 2 groups of m-DNB (SI Figure S-5) . The FTIR spectra of GO, RGO, and G before and after m-DNB adsorption are shown in Figure 5 .
The adsorption of m-DNB onto graphene materials is evident from the FTIR spectra in Figure 5 , which clearly show the v asym and v sym absorbance peaks that are characteristic of an N−O bond. And it is reported that the bands at 711 and 915 cm −1 were assigned to N−O and C−H out-of-plane wagging deformations. 24 Interestingly, the spectrum of m-dinitrobenzene adsorbed onto the graphene material was rather different from the spectrum of the solid m-dinitrobenzene, which suggested a strong interaction between m-dinitrobenzene and the graphene surfaces. The peak wavenumber of the NO 2 stretching models and the relative intensity of the asymmetric NO 2 stretching band versus the symmetric NO 2 stretching band of adsorbed m-dinitrobenzene (I asym /I sym ) are presented in Table 1 . After adsorption onto the graphene material, the asymmetric NO 2 stretching peak of m-dinitrobenzene was blue-shifted from ∼1522 cm −1 (pure sorbate) to ∼1534 cm −1 for GO−DNB, ∼1530 cm −1 for RGO−DNB, and ∼1533 cm −1 for G-DNB. Simultaneously, the symmetric NO 2 stretching peak at ∼1344 cm −1 for m-DNB remained unchanged for GO−DNB and was red-shifted to ∼1341 cm −1 in the RGO−DNB and G−DNB samples. As shown in Table 1 , the I asym /I sym ratio was 0.82 for pure m-DNB, and after adsorption onto GO the I asym /I sym ratio decreased to 0.37. This decrease indicated that the intensity of the asymmetric NO 2 stretching band at 1534 cm −1 was significantly lower than that of the v sym (NO) band at 1340 cm −1 . When m-dinitrobenzene was adsorbed onto G or RGO, the relative intensities of the v asym (NO) and v sym (NO) bands (I asym /I sym ) changed to 1.20 and 1.52 (Table 1) , respectively. Thus, the adsorbed state of m-DNB on G and RGO was completely distinct from that on GO.
Mechanisms of Nitroaromatic Compound Adsorption onto GO, RGO, and G. The adsorption mechanisms of graphene materials at the molecular level are highly dependent on the structure of the sorbate as a probe and the surface properties of the graphene nanosheets because graphene surfaces are more heterogeneous. Adsorption by the graphene materials occurred in the following order: m-dinitrobenzene > nitrobenzene > p-nitrotoluene. The adsorption of NACs onto the surface of graphene is governed by electronic properties rather than by hydrophobic effects of the sorbate. Furthermore, NACs are π-electron-deficient molecules that act as π-electron acceptors. However, graphene acts as a π-electron-rich matrix because of its delocalized π-bond structure. Thus, NACs can be adsorbed onto the surface of graphene through π-electron donor−acceptor interactions, 43 which are contributed by dispersion and perhaps polar interactions of the whole aromatic molecule with graphene. Good electron acceptors (i.e., m-DNB) exhibit an electron-deficient π-system due to two electron-withdrawing substituents, which strongly adsorb onto graphene nanosheets. In addition, m-DNB adsorbs onto graphene and interacts with graphene through its aromatic structure, which corresponds with previously reported results. 42−45 The presence of the methyl group (electron donor group) in p-nitrotoluene makes the nitro group less electron-withdrawing, thus p-NT exhibits relatively low affinity. After ruling out the effects of sorbate hydrophobicity, the adsorption of NACs (electron-deficient) onto graphene materials was significantly higher than that of PAHs 5 and the electron-rich aromatic pollutants (e.g., 2-naphthol).
10 These results are consistent with a study that showed that the adsorption of NACs onto CNTs is much stronger than other aromatic compounds of similar hydrophobicity or less hydrophobicity. 12 The availability of adsorptive sites on graphene materials for NACs is regulated by surface properties and defects. According to FTIR and XPS analyses, the edges and surfaces of GO have abundant O-containing groups, such as CO, C(O)O, and C−O/O−H, which display hydrophilic properties and hinder π−π EDA interactions. The oxygen contents of G and RGO are lower, and the π-conjugation of the nanosheets is significantly increased, compared to GO. GO had a relatively low surface area (7.707 m 2 /g) compared to RGO (139.7 m 2 /g), whereas G had the highest surface area (298.8 m 2 /g). On the basis of the hydrophobicity and surface area of the graphene materials, it is reasonable to speculate that G should be the best adsorbent for all of the tested nitroaromatics. However, the adsorption capability of RGO for NACs was surprisingly much greater than that of G, with the following order: RGO > G > GO. The basal plane near edges and defects are electron-rich regions. 42 A certain amount of O-containing groups/defects/edges on the surface of RGO, which increased electron donating ability of graphene materials, improved the adsorption performance of the NACs. In addition to hydrophobic effects and π−π EDA interactions, these results clearly indicate that other mechanisms significantly contribute to the superior adsorption of nitroaromatics onto graphene materials. We hypothesized that additional interactions (such as polar interaction and charge electrostatic interaction) between the electron-withdrawing −NO 2 groups of NACs and the defect sites/edges or dopant water of graphene nanosheets contributed to the NAC adsorption. This hypothesis was tested using FTIR.
The v asym and v sym of the N−O groups in the NACs and their relative intensities (I asym /I sym ) are very sensitive to different surface interaction modes, which could be used to probe the interactions between −NO 2 groups of NACs with graphene materials and their charge transfer direction. After NACs were adsorbed onto the graphene material, the v asym (NO) band was blue-shifted and the v sym (NO) band was red-shifted. Correspondingly, the split between the asymmetric and symmetric stretching bands of the −NO 2 groups was larger after adsorption. The blue-shifting of the v asym (NO) band resulted from the strengthening of the N−O bonds, whereas the red-shifting of the v sym (NO) band was attributed to the weakening of the C−N bonds. It is understandable that the strengthening of the N−O bond is the result of the increase of charge density in orbitals because of electron transfer process from graphene surface to the electron-withdrawing −NO 2 groups of the NAC. The charge transfer results from a mix of various interactions modes which may involve π−π donor− acceptor interaction, electrostatic interactions, and polarization. In contrast, when NACs are adsorbed onto K + -hectorite or K + -smectite, the charge transfer of the −NO 2 groups to K + is suggested as the dominant mechanism, which is evidenced by a red-shift of the v asym (NO) band accompanying the blue-shift of the v sym (NO) band. 24, 25, 46 Furthermore, molecular simulations showed that electron donating or withdrawing substituents of nitrobenzene tended to either add charge to, or remove charge from, the nitro groups, leaving the electrodensity of the aromatic ring itself relatively unchanged. 46 Therefore, specific interactions involving the nitro group over the aromatic ring dominated the adsorption of nitrobenzenes onto K + -smectite. 46 On the basis of the IR spectroscopic evidence in the current study, the interactions of the −NO 2 groups of NACs with graphene materials originate from strong electron charge transfer (EDA) rather than from proton charge transfer (Hbonds). After m-DNB interacted with GO (I asym /I sym = 0.37), the relative intensity of the asymmetric NO 2 stretching band at 1534 cm −1 obviously decreased relative to the v sym (NO) band at 1340 cm −1 . Thus, it is reasonable to assume that the NO 2 groups of m-DNB adsorbed onto GO mainly exist in a chelating bidentate configuration with O-containing groups/edges/ defects/and the hydrogen of H 2 O (Figure 6a) . When mdinitrobenzene was adsorbed onto G, the I asym /I sym ratio increased to 1.20, which indicated that the nitro groups interacted with the G surface with a bigger O−N−O bond angle and a transfer from the electron rich sites to the −NO 2 groups via electrostatic interactions, and polarization (Figure 6c). Regarding RGO, the value of I asym /I sym reached 1.52, which suggested that the EDA interactions with the −OH/edges/ defects on RGO were stronger (Figure 6b ). Vacancies or small holes were ubiquitous in RGO, and these defects (electron-rich regions) could serve as additional adsorption sites for NAC molecules. 42 In addition to the π−π EDA interactions, the greater number of −OH/−COOH/defects/edges on RGO relative to G could act as extra adsorption sites for charge electrostatic interaction and polar interaction. In addition, the −OH/−COOH groups could further improve the dispersion ability of RGO, and then favor a better availability of surfaces in hydrated RGO as compared with hydrophobic surfaces of less polar graphene undergoing a strong aggregation. Finally, the band at 711 cm −1 (N−O) increased significantly, which means enhanced out-of-plane wagging deformations, especially for RGO ( Figure 5 ). Therefore, RGO could be the best adsorbent for removing NACs in water.
Site-specific interactions between the nitro-or phenylgroups of NACs and the surface of graphene materials were shown using macroscopic adsorption and spectroscopic data. Therefore, a multiple molecular mechanism was initially proposed in this study to explain the distinct NAC adsorption, including the π−π EDA interactions between the electrondeficient phenyl groups of the NACs and the electron-rich matrix of RGO or G and the charge electrostatic interactions between the electron-withdrawing nitro groups of the NACs and defect sites of graphene nanosheets. Furthermore, the adsorption of NACs onto graphene nanosheets in the current study was much higher (10−50-fold) than the adsorption onto CNTs in a previous study.
12 This difference could be attributed to the flat surface of graphene nanosheets, which favors multiple molecular interactions in comparison with the cylindrical nanostructures of the CNTs. In comparison with graphene, RGO had more defects that were favorable for the multiple interaction mechanism. The NAC adsorption and spectroscopic data in the current study are consistent with the theoretical calculations in a previous report. 17 On the basis of first principle density functional theory, the tilting of the nitro group of nitrobenzene toward the graphene surface indicates that the nitro group−surface interaction is relatively strong. 17 Therefore, electron transfer from the π-electron-rich RGO or G nanosheets to the adsorbed NACs results in enriched hole concentration and enhances the interactions of the NAC molecules with G or RGO nanosheets.
To assess the contributions of hydrogen bonding to NAC adsorption, the effects of solution pH on adsorption by GO or RGO were investigated along with the FTIR spectra. The adsorption amount (Q e ) remained nearly unchanged as the solution pH was altered (SI Figure S-6) ; thus, the H-bonding mechanisms can be ruled out. Similarly, Chen et al. ruled out H-bonding mechanisms in the adsorption of 2,4-dinitrotoluene onto CNTs because the value of logK d remained constant when the pH changed.
12 To further examine the mechanism of mdinitrobenzene's interactions with the surface of GO, the influences of solution pH on the intensity of the NO 2 stretching bands of m-dinitrobenzene adsorbed onto GO are shown in SI Figure S-7. In addition, the calculated I asym /I sym ratios are listed in Table 1 . Under different pH conditions, the v asym (NO) of m-DNB adsorbed onto GO were all blue-shifted, which indicated that an electron was removed from the surface of GO and transferred to the m-DNB via various interaction modes, which further excludes the role of H-bonding. When the pH values changed, the surface functional groups (−COOH and −OH) of GO gradually dissociated, and the I asym /I sym ratio of the NO 2 stretching bands gradually increased from 0.37 at pH = 2.65 to 0.88 at pH = 11.92, approaching the value of pure mdinitrobenzene (0.82) (SI Figure S- Environmental Implications. The high adsorption of NACs and the multiple interaction mechanisms of graphene nanosheets enable many environmental applications, including pollutant removal, detection, and transformation. Graphene has been widely used as a sensing substrate for detecting various molecules/biomolecules by taking advantage of its adsorption properties toward analytes. The adsorbate molecules either release electrons to graphene (n-type doping) or remove them from graphene (p-type doping), 17 which induces a large charge transfer between graphene and the molecular dopant. 47 The increase in the graphene charge carrier concentration can be used to detect environmental pollutants and individual molecules. 47, 48 For example, a graphene-like film with a thickness of 1.5 nm displays high chemical sensitivity toward NO 2 gas in the range of tens of ppb due to the enriched holelike carrier concentration through the electron transfer from graphene to a NO 2 acceptor adsorbed onto graphene (p-type doping). 47, 49, 50 The strong accumulation of nitroaromatic explosives on the surface of RGO through π−π stacking interactions improves the detection sensitivity for explosives. 51 In addition, trinitrotoluene can be detected with high sensitivity and at a low detection limit by using an electrode modified with graphene film, and a uniform and richly wrinkled graphene film can be used as the prominent analytical platform for sensitive electrochemical determination of nitroaromatic explosive compounds. 39 Gao et al. 16 first reported that RGOs exhibit high catalytic activity and stability for the hydrogenation of nitrobenzene at room temperature and that the unsaturated carbon atoms at the edges of RGOs and the defects on RGOs are catalytically active centers for nitrobenzene.
In summary, RGO is a powerful adsorbent for explosive pollutants that is dominated by multiple molecular mechanisms. The nitro-functional groups of NACs not only enhance the π−π EDA between the π-electron-deficient phenyls of NACs and the π-electron-rich matrix of graphene nanosheets, but they also promote the charge electrostatic interaction with the O-containing groups/edges/defects of graphene materials. We speculatively separate adsorption through π-systems from that through NO 2 of NACs onto graphene materials, but the proposed mechanism warrants further study. Selected properties of NACs (Table S-1) , structural characteristics (Table S- 2), regression parameters of isotherms (Table S- 3), adsorption kinetics ( Figure S-1) , O 1s XPS spectra and deconvolution ( Figure S-2) , nitrogen adsorption/desorption isotherms ( Figure S-3) , relationship between K d /K HW and Q e ( Figure S-4) , FTIR spectra of the solid m-dinitrobenzene ( Figure S-5) , effects of solution pH on the adsorption of GO and RGO (Figure S-6) , and FTIR spectra of m-dinitrobenzene-GO under different pH (Figure S-7) . This material is available free of charge via the Internet at http://pubs.acs.org.
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